ABSTRACT The relationship between the spatial distribution of thallium-201 in myocardial perfusion scintigrams and the distribution of left ventricular regional myocardial blood flow was examined in 25 patients undergoing coronary arteriography. Thallium-201 myocardial scintigrams were obtained after symptom-limited exercise and after a 4 hr delay. Regional myocardial blood flow was measured by the xenon-133 clearance method in patients at rest and during rapid atrial pacing to a double product comparable with that achieved during exercise stress testing. Patterns of regional thallium-201 activity and regional myocardial blood flow, recorded in similar left anterior oblique projections, were compared for left ventricular segments supplied by the left anterior descending (LAD) and left circumflex (CIRC) arteries. In 11 patients without significant lesions of the left coronary artery (group 1), thallium-201 was homogeneously distributed in the LAD and CIRC distributions in scintigrams taken during peak exercise; these scintigrams correspond to homogeneous regional myocardial blood flow in the LAD and CIRC regions during pacing-induced stress. In 14 patients with significant lesions of the left coronary artery (group 2), ratios of regional thallium-201 activity in the LAD and CIRC distributions of exercise scintigrams correlated well (r -.84) with ratios of regional myocardial blood flow measured during rapid pacing. Background subtraction altered the relationship between relative thallium-201 uptake and regional myocardial blood flow, causing overestimation of the magnitude of flow reduction on exercise scintigrams. These data indicate that: (1) in patients with normal left coronary arteries, thallium-201 is homogeneously distributed to the left ventricle, reflecting the homogeneous distribution of regional myocardial blood flow over a wide range of mean left ventricular flow rates and (2) in patients with significant lesions of the left coronary artery, the relative spatial distribution of thallium-201 activity in exercise perfusion scintigrams reflects the distribution of regional myocardial blood flow.
THE BASIS for myocardial perfusion scintigraphy with thallium-201 is the assumption that the initial distribution of thallium-201 in heart muscle after intravenous injection is proportional to the relative distribution of myocardial blood flow. Animal experiments done with the radioactive microsphere technique have supported the validity of this assumption.'1-Although extraction of thallium-201 can be influenced by the blood flow rate, by the activity of Na, K-ATPase, and by hypoxia, the predominant determinant of the initial myocardial distribution of the tracer is the distribution of myocardial blood flow.' Therefore it is assumed clinically that the relative spatial distribution of thallium-201 in perfusion scintigrams reflects the relative distribution of myocardial blood flow.
This assumption was tested in 25 patients who underwent myocardial perfusion scintigraphy with thallium-20l during exercise and who also underwent measurement of regional myocardial blood flow with xenon-133 while at rest and during rapid atrial pacing.
Our objective was to determine whether the relative spatial distribution of thallium-201 activity in the exercise myocardial perfusion scintigrams reflected the relative spatial distribution of myocardial blood flow rates measured in patients with a scintillation camera during atrial pacing to a comparable double product.
DIAGNOSTIC METHODS-CORoNARY BLOOD FLOW
Studies in experimental animals7 8 and man9 have indicated that the absolute blood flow rate in heart muscle is a linear function of myocardial oxygen consumption, which is proportional to the product of heart rate and systolic blood pressure.'0'" Comparisons were made between the relative uptake of thallium-201 and the relative perfusion rate measured with xenon-133 in patients with and without coronary artery disease.
Methods
Patient selection. Patients undergoing coronary arteriography and thallium-201 scintigraphy during exercise for clinical evaluation of chest pain were considered candidates for the study. Excluded from the study were patients with valvular heart disease, congestive cardiomyopathy, recent myocardial infarction, or patients who had undergone coronary bypass surgery. Informed written consent was obtained from each patient under a protocol approved by the Institutional Review Board and Joint Radioisotope Committee of the Columbia Presbyterian Medical Center.
Twenty-five patients were studied: 20 men and five women with a mean age of 53 years (range 32 to 67, table 1). Patients were separated into two groups on the basis of left coronary anatomy. Group I consisted of six patients with normal coronary arteriograms and five patients with lesions of the left anterior descending (LAD) or left circumflex (CIRC) arteries that obstructed less than 70% of the luminal diameter. Group 2 consisted of 14 patients with stenotic lesions greater than 70% of the luminal diameter of the LAD and/or CIRC arteries. Since regional left ventricular myocardial blood flow was measured by injection of xenon-133 into the left coronary artery, the presence of right coronary artery lesions was not used as a criterion for separating patients. Twenty-three of the 25 patients (92%) underwent coronary arteriography and measurements of regional myocardial blood flow within 2 months of thallium-201 scintigraphy taken during exercise. The two other patients (patient 8 of group 1 and patient 2 of group 2) underwent thallium-201 scintigraphy 5 and 8 months, respectively, before myocardial blood flow measurement. None of the patients had clinical or electrocardiographic evidence of myocardial infarction occurring between the time they underwent thallium-201 scintigraphy and coronary arteriography. Furthermore, none of the patients reported a change in chest pain symptoms between the two studies. Cardiac medications were not altered except in two group I patients (patients 2 and 7) who were receiving propranolol before undergoing thallium-201 scintigraphy; propranolol was subsequently discontinued. Exercise stress testing. Each patient underwent symptomlimited treadmill exercise according to the Bruce protocol.'2 Exercise tests were performed after an overnight fast and medications were not altered, except that nitrates and propranolol were omitted on the day of the study. Patients exercised until they experienced anginal pain, severe fatigue, dyspnea, or a fall in systolic blood pressure. The response to exercise testing was considered ischemic if the following changes were present for at least 3 beats in the ECG with a stable baseline taken during exercise: (1) horizontal or down-sloping ST segment depression of 0.1 mV at the J point or (2) ST segment elevation of 0.1 mV in leads without Q waves.
Thallium-201 myocardial imaging. At peak exercise, thallium-201 (thallous chloride in 0.9% saline, 1.2 to 1.7 mCi) was administered intravenously. The patient was encouraged to continue exercise at the same level for another minute before terminating exercise. Myocardial scintigraphy was started within 10 min of the thallium-201 injection. ' The maximal heart rate-blood pressure product attained in groups 1 and 2 during exercise (mean 19,572 + 5630 SD) did not differ significantly from that attained during rapid atrial pacing (mean 19,591 ± 3042). Maximal heart rate-blood pressure products measured during peak exercise and during rapid pacing correlated moderately (r = .65) for the 25 patients. Mean left ventricular myocardial blood flow measured in patients at rest and during rapid pacing correlated well with pressure rate product for both group 1 (r = .81) and group 2 (r -.76).
Relationship between relative thallium-201 distribution and regional myocardial blood flow for group 1. Figure 1, top, shows the thallium-201 scintigram recorded immediately after exercise and the pattern of regional myocardial blood flow measured during rapid atrial pacing in a representative patient from group 1. In this patient with a normal coronary arteriogram, the exercise thallium-201 scintigram was normal and the counts in the LAD and CIRC regions of interest were nearly identical; the LAD/CIRC count ratio was 0.99. During rapid atrial pacing in this patient, regional myocardial blood flow was 115 ml/ 100 g/min in the LAD region of interest and 116 ml/100 g/min in the CIRC region of interest; the LAD/CIRC myocardial blood flow ratio was 0.99. Figure 2 shows the regional myocardial blood flow rates recorded during pacing for patients in group 1. The range of mean myocardial blood flow rates attained during pacing varied from 46 to 130 ml/ 100 g! min (table 2) . Over this wide range of absolute flow rates, the regional flow rates in the LAD and CIRC regions were highly correlated (r = .97), and the mean LAD/CIRC myocardial blood flow ratio was 0.97 ± 0.6. Figure 2 shows the LAD/CIRC ratios of thallium-201 activity in the exercise perfusion scintigrams of the group 1 patients. Thallium-201 activity in the two regions during exercise was highly correlated (r = .98). The mean exercise LAD/CIRC thallium-201 activity ratio was 0.95 + 0.05, a value not significantly different from the LAD/CLRC myocardial blood flow ratio of these patients during atrial pacing. Thus, the homogeneity of thallium-201 myocardial distribution during exercise corresponded to the homogeneity of regional myocardial blood flow during pacing over a wide range of absolute flow rates.
Relationship between relative thallium-201 distribution and regional myocardial blood flow for group 2. Figure 1 Regional LAD/CIRC ratios of thallium-201 activity measured from thallium-201 scintigrams taken 4 hr after exercise also correlated (r = .68) with LAD/ CIRC ratios of regional myocardial blood flow measured in group 2 patients at rest (figure 5). However, both the slope and intercept of this relationship were from that observed in exercise scintigrams and I greater thallium-201 activity relative to flow. )up 2, 1 1 of the 14 patients (79%) had thalliumfusion defects present on exercise scintigrams. AD/CIRC ratios for regional thallium-201 acid regional myocardial blood flow for these are shown in table 3. Mean LAD/CIRC ratios ional thallium-201 activity and myocardial REST MBFLAD/ MBFCIRC RATIO blood flow ratios were less than 1 for the seven patients with defects in the LAD distribution, approached unity for the three patients without perfusion defects, and were greater than 1 for the four patients with CIRC perfusion defects. For these three groups of patients, ratios of regional thallium-201 activity did not differ significantly from ratios of regional myocardial blood flow measured during stress (table 3) . Two of the three group 2 patients (patients 4 and 14) with normal thallium-20 1 scintigrams taken during exercise had distal CIRC lesions without LAD lesions. Regional myocardial flow was not reduced in the CIRC distribution of these two patients during rapid TABLE 3 LAD/CIRC ratios (mean + SD) of regional thallium-201 activity and regional myocardial blood flow in group 2 patients testing. The justification for comparing studies of regional myocardial perfusion during exercise and during pacing was the observation that maximal pressure rate-products were comparable during the two forms of stress for individual patients. The onset of angina pectoris, induced by either exercise or rapid pacing, has been shown to occur reproducibly at similar pressurerate products in individual patients with coronary artery disease.22 23 Since myocardial blood flow has been shown to be proportional to the pressure-rate product in this and other studies,9' 10 it was assumed that the magnitude of myocardial blood flow was similar during rapid pacing and during exercise. At rest and during rapid atrial pacing, a wide range of absolute myocardial blood flow rates was observed in patients without significant disease of the left coronary artery (group 1). Studies in animal models have shown that myocardial oxygen consumption and myocardial blood flow are determined primarily by heart rate, myocardial wall stress, and ventricular contractility.2"26 Studies from this laboratory have demonstrated that left ventricular myocardial blood flow is largely determined by these three hemodynamic variables in patients with multivessel coronary artery disease,27 congestive cardiomyopathy,28 aortic stenosis,29 systemic hypertension,30 and atypical chest pain.27 30 These studies have shown that variations in heart rate, left ventricular cavity size, wall thickness, systolic blood pressure, and ventricular contractility account for the wide range of blood flow rates observed in patients with normal coronary arteriograms. In our study, mean left ventricular myocardial blood flow correlated with pressure rate-product for both patient groups, which reflects the effect of hemodynamic variables on resting flow levels.
Despite the variation in mean left ventricular flow rates among group 1 patients, regional flow rates in the LAD and CIRC distributions were very similar for each patient during rapid pacing (r = .97). Regional thallium-201 activity levels in the LAD and CIRC regions were also similar in the exercise thallium-201 scintigrams (r = .98). Thus, regardless of whether the absolute mean left ventricular myocardial blood flow was low or high, the relative distribution of thallium-201 activity in the LAD and CIRC regions was homogeneous for individual patients in group 1 and corresponded to the homogeneous distribution of myocardial blood flow in these regions.
In the patients with significant lesions of the left coronary artery (group 2), ratios of regional thallium-201 activity recorded in the LAD and CIRC distributions after exercise correlated closely with ratios of 318 regional myocardial blood flow measured in these distributions during rapid pacing. The resulting regression line approximated the line of identity. This correlation indicates that the relative spatial distribution of thallium-20 1 activity in exercise perfusion scintigrams accurately reflects the distribution of myocardial blood flow rates in patients with coronary artery disease. These data also support the validity of quantitative analysis of exercise thallium-201 scintigrams with diminished regional thallium-201 uptake expressed as percent normal activity.3' 32 The correlation of regional thallium-201 activity ratios with myocardial blood flow ratios was equally good with or without background subtraction (r = .84 vs r = .87). However, background subtraction significantly altered the slope of this relationship. Without background subtraction, the regression line approximated the line of identity; after background subtraction, ratios of thallium-201 activity overestimated the magnitude of flow reduction. Two possible explanations may account for this discrepancy. First, conventional subtraction of chest activity recorded over the lungs from activity recorded over the myocardium may result in oversubtraction of background, as has been suggested by experiments in anirtial models.33' 3 Alternatively, depressed uptake of thallium-201 in ischemic myocardial segments might account for the observed change in the slope and intercept.
The distribution of regional thallium-201 recorded on scintigrams taken after a 4 hr delay after redistribution in the group 2 patients also correlated linearly with relative regional myocardial blood flow measured at rest. However, the correlation was relatively poor and the slope and intercept were changed, which reflects disproportionately greater thallium-201 distribution relative to flow in ischemic regions of the scintigrams taken after a 4 hr delay (figure 5). This observation in patients is consistent with a similar finding in canine experiments reported by Pohost et al. 35 With radioactive microspheres to measure regional myocardial blood flow, they have demonstrated that thallium-201 activity is increased relative to flow in ischemic zones 4 hr after thallium-201 injection. Increased uptake of thallium-201 in ischemic zones, relative to the nonischemic zones, results in resolution of thallium-201 defects on scintigrams taken after 4 hr. Pohost et al. 35 have also demonstrated that resolution of thallium-20 1 perfusion defects distal to persistent severe coronary artery stenoses does not require restoration of normal blood flow. Six of the patients with thallium-201 perfusion defects on exercise scintigrams in our study had complete or partial resolution of defects on images CIRCULATION taken after a 4 hr delay. In all six of these patients, resting flow was reduced below levels measured in normally perfused zones, which suggests that resolution of thallium-201 defects does not require restoration of normal blood flow.
Although experimental studies in anesthetized dogs have demonstrated a close linear relationship between the thallium-201 uptake and regional myocardial blood flow measured by radioactive microspheres after short-term coronary artery occlusion,' other studies, reported by Weich et al.l and by Gould,5 have suggested that the distribution of thallium-20 1 in the myocardium is not linearly related to myocardial perfusion when flow is increased above control values with coronary vasodilators. Conflicting data have been reported by Nielsen et al.,6 who observed a close linear correlation between thallium-201 uptake and increased regional myocardial blood flow in chronically instrumented dogs during treadmill exercise. In our study, relative thallium uptake during exercise was found to correlate linearly with relative regional blood flow over a moderately wide range of increased flow rates induced by rapid pacing.
In summary, our study demonstrates that the homogeneous distribution of regional thallium-201 in the left ventricle during exercise in patients with normal left coronary arteries corresponds to the homogeneous distribution of regional myocardial flow during atrial pacing over a wide range of left ventricular flow rates, and that relative thallium-201 uptake measured scintigraphically corresponds closely to relative myocardial blood flow in patients with coronary artery disease.
